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Because of its fast image acquisition and the rich diagnostic infor-
mation it provides, computed tomography (CT) has gradually
become a popular imaging modality among clinicians. Because
CT scanners emit x-rays, the increased use of CT in clinical appli-
cations inevitably leads to increased medical radiation dose to the
population. Because of the well-known cancer-inducing effects of
high dose x-ray radiation, this increased dose has caused concerns
among policy makers and general public that CT patients may be
at a higher risk of developing cancer. Over the years, CT manufac-
turers have developed a variety of strategies to address this issue, the
latest being a model-based iterative reconstruction (MBIR) algo-
rithm. MBIR is an advanced CT algorithm that incorporates
modeling of several key parameters that were omitted in earlier al-
gorithms to reduce computational requirement and speed up scans.
This review article examines the latest literature in the clinical CT
field and discusses the general principles of MBIR, its dose and
noise reduction potentials, its imaging characteristics, and its limi-
tations. MBIR algorithm and its application in today’s CT imaging
will greatly reduce the radiation dose to patients and improve image
quality for clinicians.The author(s) have no financial disclosures or conflicts of interest to declare.
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En raison de la rapidite de l’acquisitionde l’image et de la richesse de l’in-
formation diagnostique qu’elle offre, la tomographie par ordinateur a
rapidement gagne en popularite chez les cliniciens. Puisque les appareils
de tomographie emettent des rayons X, leur utilisation croissante dans
les applications cliniques conduit inevitablement a une augmentation
de la dose de radiation medicale dans la population. En raison des effets
cancerigenes bien connus des doseselevees de rayons X, cette dose accrue
a souleve des craintes chez les decideurs et le grand public du fait que les
patients soumis a la tomographie par ordinateur puissent presenter un
risque pluseleve de souffrir d’ un cancer. Au fil des annees, les fabricants
d’appareils de tomographie par ordinateur ontelabore differentes strate-
gies pour aborder cet enjeu, le plus recentetant un algorithme de recon-
struction iterative basee sur un modele (model-based iterative
reconstruction - MBIR). Le MBIR est un algorithme avance de tomog-
raphie par ordinateur qui integre lamodelisationdeplusieurs parametres
cles omis dans les algorithmes precedents afin de diminuer les exigences
de calcul et accelerer le balayage. Cet article recense les plus recents arti-
cles publies dans le domaine de la tomographie clinique et aborde des
principes generaux du MBIR, de son potentiel de reduction de la dose
et du bruit, de ses caracteristiques d’image et de ses limites. L’algorithme
MBIR et son application en imagerie tomographique permettra de di-
minuer fortement la dose de rayonnement pour les patients et
d’ameliorer la qualite des images pour les cliniciens.Keywords: MBIR; model-based iterative reconstruction; CT; computed tomography; radiation doseIntroduction
In 2006, 67 million computed tomography (CT) examina-
tions were performed in the United States alone [1]. The
result is an increase of medical radiation dose received as a
percentage of the total radiation exposure from 15% in the
early 1980s to almost 50% in 2006 [1]. Based on a model
known as Biological Effects of Ionizing Radiation [2],Berrington de Gonzalez et al [3] predicted that 29,000 future
cancers in the United States will be caused by CT scans per-
formed in the year 2007 alone. Echoing this sentiment, Bren-
ner and Hall [4] estimated that 1%–2% of all cancers in
America are caused by CT examinations. In the area of pedi-
atric CT, Pearce et al [5] reported that the risk of leukaemia
and brain cancer tripled in children after receiving cumulative
doses of about 50 and 60 mGy, respectively.
Because of these concerns associated with ionizing radia-
tion exposure, several dose reduction methods have already
been developed by CT manufacturers. The popular tech-
niques that are currently in clinical use include dual-source
CT scanners, adaptive noise reduction filters, tube current
Figure 1. The basic workflow of an FBP (top) and ASIR algorithm (bottom).modulation, and prospective cardiac electrocardiography
(ECG) modulation, among others [6]. More recently, the
focus of CT dose reduction has been shifted toward iterative
reconstruction (IR) algorithms, a new frontier aimed at
further reducing the radiation exposure received by patients.
Traditionally, CT images have been produced using analyt-
ical reconstruction algorithms such as filtered back projection
(FBP) or convoluted back projection instead of IR algorithms
because of their simple mathematical computation require-
ment. Most techniques involving these analytical algorithms
neglect the cone-beam geometry of the measured data and
depend on false assumptions, which compromise the truthful-
ness of output images. For example, in FBP and convoluted
back projection algorithms, the x-ray source and the individual
cell on the detector in a CT scanner are considered infinitely
small. Each voxel also has no shape or size. To construct
high-quality images, IR algorithms have been used to address
some of the weaknesses associated with traditional algorithms.
Over the past few years, several IR algorithms have emerged
in clinical CT applications. A list of these statistical and
model-based IR algorithms can be found in Table 1.
Iterative Reconstruction (IR)
Unlike analytical reconstruction that uses simple mathe-
matical assumptions of a CT imaging system, statistical IR is
based on the statistics of random fluctuations in sinogrammea-
surements, also known as the two-dimensional array of raw
data containing CT projections [7]. Instead of manipulating
data to conform to analytical reconstruction models, statistical
and model-based methods try to incorporate a data obtaining,
comparing, and updating cycle into the reconstruction process
that improves the diagnostic accuracy of the output CT images.
There are three major components of an IR algorithm. First,
artificial object data from estimation or a standard volume of
a similar object are created. Second, these estimated raw data
are compared with the real measured data from the imaging
system. Third, the difference between these two data sets is
projected back to the estimation step for future correction.
This entire cycle continues until the difference between the
estimated and measured data is within an acceptable range.
An example of a statistical IR algorithm, sometimes known
as a hybrid IR algorithm because of its ability to blend with
FBP, is called adaptive statistical iterative reconstruction
(ASIR). It models photons and electric noise in the CT system,
and it is not computationally expensive or time-consuming toTable 1
A List of Statistical and Model-based Iterative Reconstruction Algorithms
Developed by Major Computed Tomography Manufacturers Listed in Alpha-
betical Order
Manufacturer Statistical IR Model-based IR
General Electric ASiR Veo
Philips iDose IMR
Siemens IRIS SAFIRE
Toshiba AIDR 3D (integrated) AIDR 3D (integrated)
IR, iterative reconstruction.
132 L. Liu/Journal of Medical Imaging and Raperform clinically on today’s computer system [8]. The basic
workflow for reconstructing CT images using either an FBP
or an ASIR algorithm is shown in Figure 1.
More recently, model-based iterative reconstruction
(MBIR), also known as pure IR algorithm, has been shown
to significantly improve image quality while reducing noise
and artifacts in multislice CT scans during initial tests
[9, 10]. In MBIR, images are reconstructed by minimizing
the objective function incorporated with an accurate system
model, a statistical noise model, and a prior model [11].
The system model deals with the nonlinear, polychromatic
nature of x-ray tubes by modeling the photons in the
measured data set. The statistical noise model takes into
consideration the size of an x-ray tube focal spot and the
three-dimensional shape of detectors. The prior model is a
regularization algorithm that corrects unrealistic situations
during reconstruction to speed up the process. A basic work-
flow of an MBIR algorithm is summarized in Figure 2.Dose Reduction and Image Characterization in CT
Applications
All literature surveyed in this review conducted their
studies in a typical clinical setting, with eligible patientsFigure 2. The basic workflow of an MBIR algorithm.
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Table 2
A Summary of the General Patient Characterizations and Computed Tomography Parameters Used in the Literature Surveyed
Sample size Age (y)/BMI (kg/m2)/Weight (kg) Scanner Type Contrast Enhanced Slice Thickness (mm)
Chest
Katsura et al (2012) 100 65.6/NA/58 Helical, 64-slice No 0.625
Mieville et al (2012) 20 7–18/NA/NA Helical, 64-slice No 0.625, 1.25, & 1.41
Neroladaki et al (2012) 42 19–80/Male ¼ 22.8, female ¼ 25.8/NA Helical, 64-slice No 0.625
Abdomen
Deak et al (2013) 22 56.1/NA/79.1 Helical, 64-slice Yes 0.625/interval ¼ 5
Pickhardt et al (2013) 45 57.9/28.5/NA Helical, 64-slice Yes ¼ 21, No ¼ 24 2.5/interval ¼ 1.25
Singh et al (2012) 10 59.9/NA/87.8 Helical, 64-slice Yes 5/interval ¼ 5
CTA
Ebersberger et al (2012) 29 67.6/29/NA Helical, 128-slice Yes 0.75/interval ¼ 0.4
Tricarico et al (2012) 40 4.6/NA/NA NA Yes 1/interval ¼ 0.6
Winklehner et al (2011) 25 70.7/26.9/80.9 Helical, 128-slice Yes 2/interval ¼ 1.6
BMI, body mass index; NA, not applicable.
Age, BMI, and weight values are the averages of all patients in each corresponding study. Slice thickness refers to the reconstructed slice thickness.undergoing scans in a consecutive manner. A summary of the
patient characterizations and CT scan parameters found in the
literature is listed in Table 2. To quantify the radiation dose
received by patients, the majority of the studies reviewed first
obtained the dose length product through direct measurement
of CT dose index (CTDIvol) using phantoms. The researchers
were then able to convert the DLP into the effective dose with
Monte Carlo simulations as estimation of radiation for the
full body of a patient [12]. Those studies evaluating the dif-
ferences in reconstructed CT images with FBP, ASIR, and
MBIR predominantly examined both objective and subjective
image quality. Objective image quality is measured directly
from CT numbers and image noise, whereas subjective image
quality involves radiologists independently grading CTFigure 3. A compilation of dose reduction potential reported in the literature survey
reported by authors. The values were calculated by comparing the lowest-dose pro
decimal place. Standard deviations from the literature were omitted. The values on to
in the study by **Singh et al, in which they represent CTDIvol (secondary y-axis). *D
cases. ***For graphing purpose, only the average doses reported from ECG-gated p
L. Liu/Journal of Medical Imaging and Raimages in terms of diagnostic quality. Figures 3 and 4 summa-
rize the dose and quantitative noise reduction observed in the
literature surveyed, respectively. It appears that both dose and
noise reduction potentials are the greatest in studies per-
formed on chest CT scans, with the highest reported being
98% and 79%, respectively. In comparison, these potentials
are less pronounced in abdominal CT and CT angiography
(CTA) studies.ChestIn a study involving 100 adults undergoing noncontrast
chest CT scans by Katsura et al [8], the authors reported a
mean dose of 1.13 mSv using a low-dose protocol, an almost
80% dose reduction when compared with a reference CTed. The percentages in brackets after each article represent the dose reduction
tocol with that of the reference protocol. All values were rounded up to one
p of each column represent the estimated patient dose (primary y-axis) except
oses in this study were the averages of combined enhanced and nonenhanced
atients were used.
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Figure 4. A compilation of noise reduction potential reported by literature surveyed. The percentages in brackets after each article represent noise reduction reported
by authors. This was calculated by comparing the objective noise measured in images reconstructed with MBIR with that of the FBP using the lowest-dose protocol.
The values on top of each column were the reported mean image noise. All values were rounded up to one decimal place. Standard deviations from the literature are
omitted. *Values used for graphing purpose were from axial slices. In articles with ** and ***, the image noise values represent noise in the liver in axial slices.dose of 5.6 mSv. More excitingly, Mieville et al [13] and Ner-
oladaki et al [14] reported a 92% reduction and an impressive
98.6% reduction for the ultra–low-dose acquisition protocols,
respectively. Mieville et al [13] examined 20 pediatric patients
receiving unenhanced CT scans and reported 1.6 mSv for the
standard CT protocol and only 0.11 mSv for the ultra–low-
dose protocol. Neroladaki et al [14] reported a dose as low
as 0.16 mSv for 42 unenhanced CT chest scans in adult pa-
tients using the minimal dose protocol. The resulting calcu-
lated effective radiation dose received under these scans was
approaching the radiation dose of roughly 0.05–0.24 mSv,
as delivered by a posteroanterior (PA) and lateral chest radiog-
raphy [15]. However, as noted by Katsura et al [8], the dose
reduction effect is reduced in patients with a higher body mass
index (BMI) compared with patients with a lower BMI.
Low-dose MBIR images were reported to have significantly
less streak artifacts in the lung parenchyma than low-dose
ASIR and standard-dose ASIR, whereas the objective noise
was higher with MBIR than standard-dose ASIR in the de-
scending aorta [8]. Neroladaki et al [14] reported image noise
reduced statistically significantly from 107 Hounsfield Unit
(HU) to 23 HU, resulting in a reduction of 79% in scans re-
constructed by MBIR algorithm than with FBP. This obser-
vation is in agreement with a roughly 75% reduction of
noise from 81 HU to 19 HU in pediatric chest CT scans per-
formed by Mieville et al [13] when comparing images recon-
structed using MBIR and FBP algorithms with the ultra–low-
dose protocol. Most images obtained from low-dose ASIR134 L. Liu/Journal of Medical Imaging and Rawere graded by radiologists as ‘‘diagnostically unacceptable,’’
whereas MBIR images were ‘‘fully acceptable’’ or ‘‘probably
acceptable’’ [8]. Although not significant, MBIR allowed bet-
ter detection of micronodules and some subtle pericardial ef-
fusions when acquired with the ultra–low-dose protocol [14].AbdomenIn one of the first clinical studies on abdominal CT exam-
inations using ASIR, MBIR, and conventional FBP recon-
structions, Singh et al [16] reported the possibility of
reducing radiation dose by 75%, from a CTDIvol of
16.8 mGy (200-mA protocol) to 4.2 mGy (50-mA protocol)
for patients weighing less than 109 kg in a group of 10 adults
undergoing contrast-enhanced scans. Similarly, when
comparing the effective radiation dose from the ultra–low-
dose protocol with that of the standard protocol, Pickhardt
et al [17] reported a mean dose reduction of 78% in 45 adult
patients, of which 21 patients received contrast-enhanced
abdominal CT scans and the other 24 patients had noncon-
trast scans.
Singh et al [16] reported two- to three-fold lower image
noise in 50-mA MBIR compared with 50-mA ASIR,
50-mA FBP, and 200-mA FBP. The finding is again echoed
by Pickhardt et al [17], who observed significantly lower
mean image noise for MBIR (14.7 HU) than standard-dose
FBP (28.9 HU), low-dose FBP (59.2 HU), and ASIR
(45.6 HU). Not surprisingly, Deak et al [18] noted
18%–47% lower objective noise in images reconstructeddiation Sciences 45 (2014) 131-136
with MBIR than it was for ASIR, which, in turn, was
14%–68% lower than the FBP algorithm. MBIR was also
observed to exhibit a major subjective image quality improve-
ment over ASIR, which was again slightly superior compared
with images reconstructed with FBP [17, 18]. However, the
MBIR was graded slightly lower overall by radiologists
when compared with standard-dose FBP [17]. Nevertheless,
MBIR was superior to ASIR and FBP at detecting lesions at
50 mA and FBP at 200 mA in all but two patients with higher
body weight and larger transverse diameters [16]. Interest-
ingly, Pickhardt et al [17] also found low-dose MBIR
permitted significantly more detection of noncalcified focal le-
sions than low-dose FBP and ASIR, but lower than that de-
tected by standard-dose FBP. In addition, MBIR
significantly reduced photon starvation and beam-hardening
artifacts in critical anatomic locations including spine and
pelvis [18]. On the other hand, the pure IR algorithm did
show a subtle staircase effect on cortical bony interfaces and
minor bordering blacked-out artifacts solely on the interfaces
between skin and air [18].CT Angiography (CTA)
Two major differences are noted between CTA studies and
the chest and abdominal studies mentioned earlier. First of all,
all three CTA studies decided to use a predetermined
standard-dose and half-dose protocols for their comparison
studies. Therefore, the dose reduction numbers reported by
these groups are more arbitrary than chest and abdominal
studies. Second, the three CTA studies were performed using
128-slice CT scanners as opposed to 64-slice scanners in the
chest and abdominal studies. In a neonatal and pediatric
CTA study of 40 children, the low-dose protocol was able
to deliver an estimated effective dose of 0.68 mSv in an
ECG-gated scenario compared with about twice as much ra-
diation dose from a standard protocol [19]. Tricarico et al
[19] also reported a lower average dose from 21 non–ECG-
gated CTA patients, but essentially the same magnitude of
dose reduction as in 19 ECG-gated patients. A 50% dose
reduction was achieved by Winklehner et al [20] in their clin-
ical evaluation of 25 adult patients as well. Similarly, although
not significant, image quality of half-dose MBIR from a study
by Ebersberger et al [21] was still higher than full-dose FBP,
suggesting at least a 50% dose reduction using the lower-dose
protocol reconstructed with MBIR algorithm compared with
FBP.
Overall image quality was again reported to be significantly
better with the MBIR algorithm than AISR or FBP algo-
rithms in cardiac CT scanning [22]. Subjective noise in im-
ages reconstructed with MBIR was significantly lower than
ASIR, which was in turn significantly lower than FBP [22].
Furthermore, sharpness was also improved in MBIR over
ASIR, but no significant difference was observed between
ASIR and FBP [22]. Quantitative image analysis also showed
the MBIR algorithm increased contrast-to-noise ratio by
51%–69% and decreased image noise by 30%–36% whenL. Liu/Journal of Medical Imaging and Racompared with the other two algorithms [22]. In patients
with coronary artery stents, the signal-to-noise ratio was
significantly better in both standard- and half-dose MBIR re-
constructions compared with those reconstructed with either
the standard- or half-dose FBP algorithm [21]. Similar obser-
vations regarding improved contrast-to-noise and signal-to-
noise ratios were made by Tricarico et al [19] when they
compared images obtained with half-dose MBIR with that
of full-dose and half-dose FBP. The stent-lumen attenuation
increase ratio, which determines the effect from high attenu-
ating stents, was also significantly lower in MBIR reconstruc-
tions compared with FBP, with the exception that half-dose
MBIR did not vary from full-dose FBP [21]. However, Schef-
fel et al [22] reported no difference in detecting calcifications,
and all three algorithms showed a similar level of blooming
artifact, which could adversely affect luminal visualization.Discussion
MBIR algorithm is generally superior to FBP and ASIR in
areas of radiation dose and image quality. However, issues sur-
rounding MBIR will need to be addressed before it is to
completely replace the other reconstruction algorithms in CT
imaging. Low-dose MBIR images were often associated with
motion artifacts and a blotchy, pixelated appearance, affecting
the visualization of small structures [8, 13]. However, Mieville
et al [13] noted an improvement for small structures in the cor-
onal plane compared with the axial plane. As for larger
anatomic structures, the authors reported a change of image
texture between images reconstructed with MBIR and those
with FBP [13]. This new appearance of certain structures
will require some time for the radiologic community to adapt
in order to achieve more accurate clinical interpretation. Inci-
dentally, similar appearance was also reported in earlier studies
evaluating the ASIR technique [23, 24]. Therefore, the cause of
this blotchy appearance observed in images reconstructed with
MBIR might be linked to software, and it may be eventually
overcome by the future improvement of the algorithm itself.
Bronchiectasis and architectural distortion were described on
ultra–low-dose CT scans reconstructed with MBIR [14]. There
was also a possibility that CT images reconstructed with MBIR
showed micronodules that did not exist, leading to false-
positive results [14]. Although MBIR is excellent at reducing
the radiation dose delivered to patients, Singh et al [16] found
the diagnostic confidence and subjective image quality in pa-
tients over 109 kg were suboptimal during low-dose scans.
This suggests that MBIR algorithm may need further updating
to enhance the benefits for patients with a higher BMI. Aside
from image quality, one of the biggest drawbacks of the
MBIR algorithm is the time it requires to reconstruct the
raw CT data. An initial study indicated that up to 3 hours
of reconstruction time may be needed for the MBIR algorithm
depending on patients’ size and display field of view [16]. A
more recent study performed by Vardhanabhuti et al [25] re-
ported a processing time of approximately 45 minutes per se-
ries. In comparison, FBP and ASIR algorithms take only adiation Sciences 45 (2014) 131-136 135
few seconds to complete. Although the MBIR reconstruction
time may be acceptable in nonemergency situations, it does
pose as a weakness when a patient’s condition requires imme-
diate diagnosis. Nevertheless, with the continued computer
hardware improvement and software optimization, the use of
the MBIR algorithm in an emergency setting can still be
achieved in the future.
Conclusion
The latest studies examined in this review have overwhelm-
ingly shown that the model-based algorithm has great poten-
tial in reducing the radiation dose in modern CT scans when
compared with the traditional FBP algorithm. In addition to
dose reduction, MBIR overwhelmingly decreases image noise,
improves spatial and contrast resolution, and reduces some ar-
tifacts compared with both the ASIR and FBP algorithms.
However, as a novel IR algorithm, MBIR does have limita-
tions that need to be addressed. Aspects of the image charac-
teristics such as image texture and certain artifacts can
adversely affect diagnostic confidence. It is also computation-
ally expensive, and it requires a high level of optimization to
achieve its intended performance. A diagnostically accurate
image obtained with a minimal radiation dose to the patient
will be crucial in serving the evermore demanding nature of
today’s CT applications.
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